Abstract-A single image based motion blur identification scheme is proposed for uniform motion blurs that consist of more than one linear motion component. The proposed scheme is composed of three modules that are a motion direction estimator, a motion length estimator and a motion combination selector. In order to identify the motion directions, the proposed scheme is based on a trial restoration by using forward ramp motion blur in horizontal and vertical directions and an analysis of directional information in frequency domain via a Radon transform. Autocorrelation functions of image derivatives in several directions are employed for estimation of the motion lengths. A proper combination of motion vectors is identified based on an analysis of local autocorrelation functions of non-flat component of restoration results. A simulation example is given to demonstrate the performance of the proposed method.
I. INTRODUCTION
Due to an imperfection of a recording process, in many practical situations, a recorded image is a degraded version of a desired original scene. For a noisy linear shift-invariant blur condition, the degradation process can be modeled in a spatial domain as g(x, y) = h(x, y) * f (x, y) + n(x, y),
where f (x, y) and g(x, y) are original and blurred images, respectively; n(x, y) is an additive noise; and h(x, y) is called a point spread function (PSF) of the blur. One of well-known types of the image degradation is a motion blur. The motion blur is caused when there are relative motions between a camera and objects during exposure time. Blur identification is an important first step for several image restoration approaches. In order to identify the motion blur, many approaches have been proposed [1] - [11] ; The identification methods can be grouped into two categories. The first category includes the methods that are specific for identifying the motion blur. The methods can be based on an analysis of zero-crossing pattern of the blurred image in transform domain [1] , [2] , an autocorrelation function of an image derivative [7] , a trial restoration [8] , [10] , or human visual-motion sensing [9] . However, the existing identification methods for the motion blur such as [1] , [2] , [7] - [10] did not consider the case of the motion blurs which are composed of multiple linear motion components. Since, in some practical situations, the motion blur may not be a linear motion vector in a single direction but may be considered as a piecewise linear motion that has multiple directional components. On the other hand, the second category can be the methods proposed for identification of general types of blur such as auto-regressive (AR) model and a maximum likelihood (ML) based methods [3] - [6] or vector quantization (VQ) based methods [11] . Although the ML-based approaches or VQ-based approach can be employed for the cases of multiple components, there are some practical limitations. ML-based approaches need a good prior estimation of the blur extent and computation cost is high. In the case of VQ-based approaches, there is a difficulty to select the proper candidates of blur operator for blur identification codebook.
In this paper, a single image based blur identification scheme for piecewise linear uniform motion blur (PLUMB) is proposed. The blur parameters are extracted from the blurred image itself without using any a priori knowledge. The proposed scheme includes modules of a motion direction estimation, a motion length estimation, and a motion combination identification. The proposed scheme can provide a possibility to identify the uniform motion blur with more than one component. A mathematical model for the PLUMB is described in Section II. Details of the proposed scheme are presented in Section III. Some experimental results are demonstrated in Section IV. Finally, Section V gives conclusions of this paper and directions for future work.
II. PIECEWISE LINEAR UNIFORM MOTION BLUR
The PSF of uniform motion blur in a direction of θ with a length of L can be defined from h(x, y; Le
where
and
For discrete spatial domain, interpolation techniques have to be employed for a rotation process in (3) when values at noninteger pixels are needed. For the PLUMB, the motion is represented by a vector of each linear motion components as
where V is the vector of linear motion components, θ i and L i are the motion direction and the motion length of the i-th component; and M is the number of motion components.Then the PSF of PLUMB can be defined by
and 
III. PROPOSED SCHEME FOR PLUMB IDENTIFICATION

A. Identification Stages
To identify the PSF of PLUMB, the three-stage identification scheme is proposed. The proposed scheme includes modules of motion direction estimator, motion length estimator, and motion combination selector. In the first stage, the directions of every motion components are identified. The result is a set of estimated motion direction, {θ 1 ,θ 2 , . . . ,θM }, whereθ i is an estimated motion direction for the i-th motion component. The number of the identified motion components denoted byM is obtained in this stage. A proposed algorithm for the estimation of the motion direction will be described in Section III-B. Then, in the second stage, the motion length corresponding to each direction is identified. Section III-C will present a proposed algorithm to estimate the motion length. After this stage, a set of identified motion components, {L 1 e jθ1 ,L 2 e jθ2 , . . . ,LM e jθM }, is obtained whereL i represent estimated motion extent for the i-th motion component. Although the set of motion components is estimated in the previous steps, combination of motion components obtained by different ordering will identify different PSF and restoration results. Section III-D will give details about how to choose a proper motion combination.
B. Estimation of Motion Direction
The proposed scheme for motion direction estimation is based on the method of Tan, et al. [10] . In order to estimate the direction of the motion blur, Tan proposed to firstly try to restore the blurred image by using a forward ramp PSF along the horizontal direction. The PSF of the horizontal forward ramp motion blur with the length equal to L can be written by
Then, vertical differentiation was applied to the trial restored image to strengthen strips along the blur direction. Finally, the image derivative was transformed into a Fourier domain; and a Radon transform was employed in the Fourier domain to obtain an information about the direction. The identified motion direction was the direction corresponding to a location of maxima. However, this method can not properly work in the cases that there are multiple directional components. In order to identify the motion direction in the cases of PLUMB, the blurred image, g(x, y), is firstly restored by using forward ramp PSF in the horizontal and vertical directions with a trial length, L T , which can be arbitrary [10] . The trial restored results are named asf F RH (x, y) andf F RV (x, y) for the horizontal and vertical directions, respectively. Then, the image differentiation in the vertical and horizontal directions are applied tof F RH andf F RV , respectively. The image derivatives are denoted by ∆ V (f F RH (x, y)) and ∆ H (f F RV (x, y)). After that, ∆ V (f F RH ) and ∆ H (f F RV ) are transformed into DFT domain, resulting in F 1 (ω x , ω y ) and F 2 (ω x , ω y ). In order to extract the information about the direction, Radon transform is applied by (10) where k = 1 and 2; R k (a, ρ) is the result of the Radon transform; a is the dimension of an angle; and ρ is the dimension of a distance from the origin. Then, an average of
where k = 1 and 2; and D is an adjusting parameter. Next, in order to emphasize the local maxima, a high-pass filtering operator is employed toR k (a) as
where k = 1 and 2; and A is an adjusting parameter. Finally, an identified set of motion directions, {θ 1 ,θ 2 , . . . ,θM }, can be obtained from a set of location (in dimension of a) of local maxima of ψ(a) = max(R 1 (a),R 2 (a)) whose values is over a pre-determined threshold, η.
C. Estimation of Motion Length
The proposed motion length estimation scheme is modified from the method of Yitzhaky and Kopeika [7] . Yitzhaky was proposed that the motion length can be estimated from a position of global minima of an autocorrelation function calculated from an image derivative along the motion direction. To improve the identification results of Yitzhaky for PLUMB, the identification algorithm is modified as following.
For estimation of the blur extent of the direction of θ i ǫ {θ 1 ,θ 2 , . . . ,θM } which is denoted byL i , the derivatives of the blurred image, g(x, y), in directions of 90
• +θ i and θ i are continuously computed where the output is named as ∆ S (g(x, y);θ i ). In parallel, the image differentiation in directions of 90
• +θ i ,θ 1 ,θ 2 , . . ., andθM are also applied to 
NC R the blurred image, continuously; and the result is denoted by ∆ A (g(x, y);θ i ). Then, the normalized autocorrelation functions in the direction ofθ i are computed for ∆ S (g;θ i ) and ∆ A (g;θ i ), resulting in R S (τ ;θ i ) and R A (τ ;θ i ), respectively. After that, R S (τ ;θ i ) and R A (τ ;θ i ) are added together to obtain R T (τ ;θ i ). Finally, the identified blur extent for the direction ofθ i is a location of the global minima of R T (τ ;θ i ). After the process has been repeated for every direction ofθ i where i = 1, 2, ...,M , in the end of this stage, the set of identified motion components, {L 1 e jθ1 ,L 2 e jθ2 , . . . ,LM e jθM }, is obtained.
D. Identification of Motion Combination
Although the set of motion directions and lengths can be estimated by the methods proposed in Section III-B and III-C, the ordering of the motion components is still the other parameter that have to be identified. In order to select the proper combinations of the motion vector, we proposed the following steps.
Step 1 : From an identified set of the motion components, {L 1 e jθ1 ,L 2 e jθ2 , . . . ,LM e jθM }, obtained from Section III-B and III-C, All possible PSFs obtained from different motion combination are permutated.ĥ q (x, y) denotes the PSF of the q-th possible case where the number of possible combination, N C , is equal to 2
Step 2 : The blurred image, g(x, y), is restored on trial by using every possibleĥ q (x, y), resulting inf q (x, y) for 1 ≤ q ≤ N C .
Step 3 : The image derivatives in both horizontal and vertical directions are computed for everyf q (x, y), resulting in ∆ H (f q (x, y) ) and ∆ V (f q (x, y) ), respectively.
Step 4 : A non-flat component, Γ q (x, y), is calculated by
Step 5 :
q is computed by
Step 6 : From R q (x, y).
(16)
Step 7 : From Size function, Score function and T otalScore function are calculated by
T otalScore(q) =
Finally, the identified PSF isĥ q (x, y) whose T otalScore(q) is maximum. Fig. 1 shows a diagram for the step one to five.
IV. SIMULATION RESULTS
In this section, the performance of the proposed method is demonstrated. The proposed algorithm was used to identify a simulated motion blurred of a PLANE image. The original PLANE image of size 512 × 512 shown in Fig. 3(a) Fig. 2(a) . Gaussian noise is added to the blurred image, resulting in SN R = 40 dB The noisy blurred version is illustrated in Fig. 3(b) . The proposed algorithm was applied to the noisy blurred image in Fig. 3(b) to identify the PSF. In the process of estimation of motion directions, the resolution of DFT was 1024 × 1024 and the adjusting parameters are L T = 5, D = 50, A = π/6, and η = 0.5. Finally, the identified motion vector obtained from the proposed scheme waŝ V = [6e Fig. 2(b) .
In a comparison with the conventional methods, for the stage of motion direction estimation, the directions of three motion components can not be observed by using the conventional method [10] since the conventional method did not consider the multi-directional cases. As a result, the conventional method gave the identified direction of 0
• while the proposed method gave better identified directions which are −8
• , 41
• and 79
• . For the stage of motion length estimation, the conventional approach [7] gave the identified lengths which are equal to 10, 5, and 9 while the proposed scheme gave more accurate identified results which are equal to 6, 5, and 8 for the directions of −8
• and 79 • , respectively. After the PSF is estimated, the blurred image is deconvoluted with the identified PSF by using a method based on Landweber method [12] . The restored result is illustrated in Fig. 3(c) . The restoration result was evaluated via an improvement in signal to noise ratio, ISN R, which is defined by The ISN R of the restored result in Fig. 3(c) is equal to 6.7029 dB. The result shows that the proposed method was successful to estimate motion vector well and gave the good restoration results which can be observed via ISN R.
V. CONCLUSION
The scheme for identifying the blur operator for piecewise linear uniform motion blur by using only blurred image itself was proposed. The proposed scheme consists of three stagesthe motion direction estimation stage, the motion length estimation stage, and the motion combination identification stage. The simulation result demonstrated that the proposed scheme can estimate the PSF from blurred image. However there are still some limitations of the number of motion components or the difference between direction of each components. For the future work, the performance of the proposed scheme should be improved in the cases of there is a large number of components, or the direction of component is too close to each others or in the same direction.
